Introduction
[2] During the unprecedented August 2003 heatwave in Europe, temperature exceeded its usual value by 5 standard deviations [Schär et al., 2004] . This event had dramatic effects on vegetation productivity [Ciais et al., 2005] , air quality [Vautard et al., 2005] and health [World Health Organization, 2003] , as well as on the socio-economic activities, ranging from agriculture to energy consumption [Fink et al., 2004] . As a consequence, the interest in the problems of climate extrema in midlatitudes has increased in the last few years. Of particular importance is the possibility of an increase of their frequency because of global climate change.
[3] Observational studies [Chang and Wallace, 1987] and General Circulation Model (GCM) studies [Oglesby and Erickson, 1989; Ferranti and Viterbo, 2006; Huang et al., 1996] have shown the importance of the continental water budget for summer temperature and precipitation. Due to a positive feedback between soil moisture and precipitation/ cloud cover, the continental climate undergoes persistent dry or wet spells. A dry soil favours sensible heat flux relative to latent heat flux in the surface energy budget. The heat excess and soil water deficit results in fewer clouds, less rain and greater demand for evapotranspiration which further depletes the soil water reservoir. A dry soil also inhibits the triggering of convective precipitation [Schär et al., 1999] , leading to more anticyclonic weather.
[4] Using station data from the midwest of the United States, D'Odorico and (hereinafter referred to as DP) showed that the probability distribution of summer moisture in the upper 50 cm soil layer has a bimodal shape. Summers have high likelihood to be either in a wet or a dry state. They also found a correlation between soil moisture and rainfall, which they interpreted as sign of a positive feedback mechanism. They proposed a statistical model for this feedback, similar to those of Rodriguez-Iturbe et al. [1991] or Entekhabi et al. [1992] , where the frequency of rainfall depends on soil moisture through a regression calculated from the observations. Based on this regression, rainfall is stochastically forced in their water cycle model, leading to a bimodal distribution of soil water content. A bimodal distribution in this model naturally originates from the state-dependent stochastic dynamics, also known as ''multiplicative noise '' [see, e.g., Porporato and D'Odorico, 2004, and references therein] .
[5] In this paper, we propose a physical mechanism for the existence of a bimodal probability distribution of soil moisture. Our approach is based on complementing a soil model similar to that used by DP with a simple representation of the moist thermodynamics of the atmospheric planetary boundary layer (PBL), which includes a simple parametrization of moist convection. This coupled soilatmosphere model predicts the existence of multiple equilibria in the water balance of the atmospheric PBL and the upper soil layer.
[6] In the next section the model is briefly described, for technical details the reader is referred to the auxiliary material.
1 Section 3 describes the results obtained, and discussion and conclusions are given in section 4.
Model Description

Thermodynamic Equations
[7] The interaction between the atmospheric PBL and the surface hydrology is provided by an idealized box model of the continental water cycle. The geometry of the model is schematized in Figure 1 . It includes a 1000 m high atmospheric layer, and a 0.5 m deep soil layer, as in DP. In both media, temperature and humidity are prognostic variables, interacting by exchanges of heat, and exchanges of water by precipitation and evapotranspiration. This gives four prognostic variables; the four evolution equations are the following:
[8] In (2), the potential temperature of the atmospheric PBL q a is forced by (left to right on the r.h.s.) the surface sensible heat flux Q s , the infrared radiation from the ground, and the cooling rate due to convection. In the cooling term, Dq a is different from zero only when convection occurs. Convection is assumed to take place whenever the PBL becomes statically unstable with respect to the free troposphere (see section 2.2 below). When convection occurs, the PBL and the free troposphere are assumed to mix and the variables q a and q a are correspondingly modified. The PBL temperature is also relaxed to a fixed external temperature q a * = 22°C (last term on the r.h.s. of (2), corresponding to heat exchange due to transport and mixing. The relaxation has a timescale of t a = 3 days; our results are not very sensitive to this relaxation term. Table 1 provides a description of the main symbols, while the detailed calculation of the fluxes, evapotranspiration and precipitation is given in the auxiliary material. The values of the parameters are generally taken from work by Laio et al. [2001] or Rodriguez-Iturbe and for continental midlatitudes.
[9] The evolution of air humidity q a (equation (3)) is driven by three terms. The second term on the r.h.s. represents the drying due to convection that mixes the moister air of the PBL with the drier air of the free troposphere. Part of this water is delivered to the soil as precipitation (see next two sections). We consider two source terms, evapotranspiration E, and a lateral moisture input term F q , which is due to the large-scale mass field convergence. Atmospheric water (see the arrows in Figure 1 ), comes into the box model through this term, is lifted into the free troposphere by convection, and then is either precipitated or evacuated by flow divergence. If the model is thought to represent a general location in central Europe or inland USA, F q represents an influx of maritime air from the west (Pacific or Atlantic oceans) or from the south (Gulf of Mexico or Mediterranean). The value of F q is fixed so as to close the water budget. We use a mean value of 10 À8 s
À1
(approximately equivalent to 0.8 mm of water per day), but the behavior of the system has been tested for values ranging from a divergence of 1 mm of water per day to a convergence of 3 mm per day. The dependence of the model behavior on the value of F q is discussed at length below.
[10] Soil temperature T s is forced by the energy balance between incoming net radiation, F rad in equation (3), outgoing infrared radiation, latent heat uptake by evapotranspiration and sensible heat flux Q s as in (2). F rad Figure 1 . Schematics of the box-model, the formula to compute the equivalent potential temperature of the PBL q e is repeated in the upper left corner. Thick arrows show input and output water fluxes. Gray represents air humidity, black represents liquid water. is assumed constant; its dependence on a representation of could cover has been tested and does not change substantially the results below.
[11] Equation (4) is the same as in DP. The quantity q s represents the relative soil moisture with respect to saturation. Actual soil moisture is obtained by multiplying q s by the soil water holding capacity w 0 , and the depth of the active soil layer h s . The results described below depend very weakly on the choice of w 0 and h s . The variation in q s (equation (4)) is the result of the balance between precipitation P, evapotranspiration E and leakage L at the bottom of the active layer. The term P represents precipitation minus runoff. The exact formulation of all these terms is described in the auxiliary material.
Convection Parameterization
[12] The model includes a very simple parameterization of convection. The stability of the air column is assumed to depend only on the difference between the moist enthalpy of the PBL and that of the free troposphere above (see Figure 1 ). We assume that the equivalent potential temperature of the free troposphere has a fixed value q e *. At all timesteps we compute the equivalent potential temperature of the PBL,
If q e is less than q e *, the column is stable and no convection occurs. Conversely, if q e > q e *, we assume that the column is convectively unstable.
[13] When convection occurs, the updraft cools and dries the PBL, until its equivalent potential temperature reaches q e * and convective equilibrium is restored. This procedure is similar to the convective adjustment scheme once used in general circulation models [Glickman, 2000] . The PBL height being fixed, there is no representation of entrainment. Both drying and cooling reduce equivalent potential temperature, according to its definition (5). In this simplified parameterization, the drying and cooling terms in equations (2) and (3) are obtained by assuming that before and after convection the PBL relative humidity stays the same. This allows us to express the two terms separately as a function of moist enthalpy c p (q e À q e *) (K. Emanuel, personal communication, 2006) . The assumption of conservation of relative humidity is a crucial physical hypothesis for the results described below. Although after a single storm relative humidity can be locally increased by the convective downdraft associated to evaporating rain, it quickly relaxes towards its reference value, that is set by large-scale radiation and evapotranspiration balance. Our parameterization of convection is a representation of the bulk effect of a convectively active period in a large area, rather than that of an individual storm.
[14] The assumptions described above lead to the following formulae (see the system of equations (A-1) -(A-2) in the auxiliary material):
where the term dq sat in (7) is the Clausius-Clapeyron law linearized with respect to temperature, and q rel is the relative humidity.
[15] Convective cooling and drying are assumed to take place immediately, time derivatives in the r.h.s. of (2) [16] The parameter q e * is taken equal to 300°K. The results reported below do not change significantly for a reasonable range of q e *.
Precipitation
[17] The water subtracted from the PBL by the convective updraft is lifted into the free troposphere above. We assume that a fraction of this water precipitates locally, and the rest is lost by moisture flux divergence in the upper troposphere. The definition of this fraction -the precipitation efficiency -is one of the crucial physical hypotheses of this work; we assume that it is a function of the intensity of convection.
[18] If convection is weak, and thus the water updraft is weak, e.g. below 1 mm/day, we assume that a cloud is formed that is then transported out of the domain with little rain. Conversely, if the convection is very intense, a greater fraction of water is precipitated. This physical mechanism is in agreement with the observation of Schär et al. [1999] , who showed by a regional modelling study of European summer that the precipitation efficiency is correlated with soil moisture. In their case, the precipitation efficiency was expressed in terms of rate of recycling of water, i.e. the ratio between precipitation and all the water entering a domain, including large scale convergence and local convection. Depending on the regional location and dry/wet periods this varied between 0 and 0.8.
[ 3 mm/day, almost all water precipitates, f = 0.9. Between the two, f is joined smoothly, see Figure 2 . The thresholds and values chosen for f are inspired by Schär et al. [1999] , however different choices do not qualitatively change the results obtained. We will return to the importance of this mechanism in the discussion below.
Multiple Water Balance Equilibria
[20] For realistic values of the parameters, the simplified model has two stable equilibria; this is illustrated in Figure 3 . Figure 3 is obtained by integrating the model starting from various initial soil moisture conditions (from 0 to 1) and stopping the integration when equilibrium is attained. In Figures 3a -3d , the x-axis reports the initial condition on q s , and the y-axis shows the finalequilibrium -value of the model variables. The initial values of the three other prognostic variables are kept the same.
[21] The dry steady state is reached for initial conditions of soil humidity less than 0.32. Associated with this equilibrium, elevated soil temperature (26°C) and air temperature (24.5°C) are registered (Figure 3a) . Both air specific humidity and soil moisture have low values, soil moisture lying just above the wilting point (Figure 3b ). High sensible heat flux from the ground heats up the PBL (Figure 3c ) and precipitation and evaporation are very low, below 1 mm/day (Figure 3d) .
[22] The other state, the wet state, has much cooler conditions for a continental summer. The mean air temperature is much lower (about 16°C), and precipitation is high with almost 4 mm/day average, which is comparable to the observed mean values, see e.g. Figure B11 of the ERA-40 atlas [Kållberg et al., 2005] . Sensible heat flux is much smaller. High precipitation stabilizes soil moisture slightly above field capacity (0.58), and the excess water is eliminated by bottom leakage, hence the difference between evaporation and precipitation ( Figure 3d ).
[23] We have not detected any periodic or chaotic behavior of the model solutions. A detailed exploration of the model configuration and of the initial conditions indicates that the system is very sensitive to variations in the initial value of soil moisture, while it is relatively less sensitive to initial perturbations in the other dynamical variables.
[24] In the equilibrium integrations above, the value of F q is fixed at 0.8 mm/day. F q is a critical parameter in our model and we can extend the analysis by computing the equilibria for different values of it. When varying F q over a wider range of values the system undergoes a hysteresis, as shown in Figure 4a . In this plot, only air temperature and soil moisture are shown but the other two prognostic variables, and also heat fluxes, precipitation and evapotranspiration display the same behavior. It can be seen that the region in which the two stable equilibria exist at the same time is about 0.7 mm/day wide and includes the mean value chosen in the equilibrium integrations above. The values of mean temperature and soil moisture in the two equilibrium branches do not vary much with F q ; for example temperature in the dry state can vary by 4°C, while the difference between the two equilibria is about 10°C.
[25] In order to estimate realistic values for the mean and variability of F q , we computed the value of moisture flux convergence from ECMWF reanalysis data (not shown). The data were vertically integrated between 1000 and 850 hPa, and averaged over a region including most of continental France and Germany (0 -10°E and 45-50°N lat/ lon intervals). The mean value is around zero, with large spatial variations. The standard deviation is around 3 mm/ day. These values correspond to upper limits for F q in our model, since this parameter represents only part of the total vertically integrated moisture convergence (the other part is the divergence in the free troposphere).
[26] In order to simulate the impact of synoptic flow variability on the variability of the moisture flux convergence that actually drives our model, stochastic runs was performed using random values for the parameter F q . The integration is very long (210 5 days). Every 10 days a new value of F q is drawn from a flat distribution whose limits are the same as in Figure 4a : from À0.8 to 2.6 mm/day. Reasonable changes of the distribution amplitude and of the persistence time of F q do not change the results.
[27] With this forcing, the model produces a bimodal distribution of soil moisture as in DP. In Figure 4b , a 15000-day-long portion of the evolution of q s is shown. The soil moisture oscillates around the dry or the wet states and sometimes undergoes sudden transitions between the two. This is confirmed in the histogram in Figure 4c , which is in qualitative agreement with the bimodal distribution that DP (see their Figure 3 ) computed from observed data. The other variables of the model also display bimodal or skewed probability density distributions (not shown).
[28] The long integration above does not obviously represent a realistic time evolution. It is produced by a very long integration of the model, while in reality we should consider many repetitions of a summer-long (around 150 days) time series. The model behavior suggests that it is more likely that one summer will be in one of the two states and remain there, than that a transition would happen during the season. This can be seen from Figure 4b , where the typical residence times in one regime is well above 150 days. Of course the simplicity of the model does not allow to overstate this result. Indeed there have been examples of ''transitions'' in the observed summer climate, a notable one being summer 2006 in Europe. Still, the initial condition on soil moisture at the beginning of the season is a key factor in determining which state, dry or wet, the summer will be likely to be in. This is in agreement with initialization studies such as those of Ferranti and Viterbo 
Discussion and Conclusions
[29] In this paper we advance a physical explanation for the observed bimodal distribution of soil moisture in midlatitude summer. We formulate a 0-dimensional continental water balance model that includes the main energetic processes at the surface and in the planetary boundary layer (PBL), and a simplified representation of convection. This model displays two stable equilibria. Depending on the soil water content at the beginning of the season, summers can be in one of the two states, with a low probability of transition to the other state during the season.
[30] Despite the simplicity of the model, the two stationary states bear realistic values of air temperature, humidity and precipitation, which can be associated to respectively cool/rainy or hot/dry summers. Dry summers are hot owing to the fact that reduced evapotransiration leads to reduced cooling by latent heat flux. High soil temperatures are reached and the soil heats the atmospheric PBL by sensible heat flux. Differences in heat flux of 50 Wm À2 between hot and cool summers have been observed in Europe [Zaitchik et al., 2006] , similarly to our Figure 3c .
[31] The equilibria are maintained by a positive feedback between soil moisture and precipitation. Summer rains occur through the accumulation of moisture by large-scale convergence and by local recycling by convection. In the dry case, moisture convergence does not compensate for the drought created by the evapotranspiration leading to higher temperature, less convection and therefore less precipitation efficiency.
[32] In the model, water enters through convergence of lateral moisture fluxes in the PBL and is evacuated into the free troposphere. It is recycled by evapotranspiration and rain. We use a relation between the rate of recycling of water and the soil moisture inspired by that of Schär et al. [1999] , but precipitation efficiency is assumed to depend on the intensity of convection only. The physical validity of this assumption is a crucial point of our work that needs further investigation. The nature of precipitation efficiency and its dependence on the physics of convection systems and on the microphysics of clouds has indeed been topic of scientific enquiry since the 50's. Recent work shows its dependence on the relative humidity of the atmospheric PBL, that is in total agreement with our assumption [Market et al., 2003, and references therein] . It must also be stressed that the results presented here are robust to changes in the functional form of the precipitation efficiency shown in Figure 2 . Different choices of its upper and lower limit values and of the threshold lead to moderate changes in the values and the stability properties of the two stationary states, and in the soil moisture value of the saddle point between the two. As long as the efficiency increases with the intensity of convection, two stationary states are found.
[33] The main control parameter of our system is the external moisture flux, F q . When this parameter is slowly varied and its values encompass the range of system bistability, the model undergoes a hysteresis cycle between the two stable states. When F q is varied stochastically, the system jumps from one stable equilibrium to the other producing the bimodal probability density as was found by DP in observed data. Bimodality in continental soil moisture can thus be obtained by a coupling between convection and soil processes. It takes place because of additive noise forcing a system that has multiple equilibria. This physically-based mechanism extends the ''multiplicative noise'' approach of DP or Entekhabi et al. [1992] among others, where multimodality arises from the prescribed dependence of the noise on the state.
[34] Clearly, many physical processes that are also likely to affect the soil-PBL dynamics and equilibria are not present in our simplified model. These include the dependence of soil surface albedo on moisture, the effect of clouds in shading solar radiation, the dependence of the greenhouse effect on air humidity, and the dynamical response of vegetation, and thus of evapotranspiration, to soil humidity. Future work will address some of these issues. Another direction of development is the spatial extension of the model, which allows us to include the spatial dependence of the different parameters, as well as mixing and transport in the PBL.
[35] Large variations in summer temperature and soil moisture, such as the heat wave and drought of August 2003 in Europe, is generated by the nonlinear dynamics of the coupled soil-PBL system, which includes highly nonlinear processes such as moist convection and evapotranspiration. The understanding of these processes is fundamental for the prediction of the occurrence of extreme events, and their impacts under climate change conditions.
Auxiliary material: Details of model equations a. Sensible heat flux
Sensible heat flux is given by the aerodynamic bulk formula
where the mean windū s is taken equal to 6 ms −1 . The flux is by convention positive when heating the atmosphere and cooling the soil.
b. Evapotranspiration The formula for evapotranspiration is taken from Laio et al (2001) , however we modulate the maximum evaporation efficiency by a term taking into account the saturation deficit of the atmosphere. In detail,
where q Sat is the saturation humidity at a given air temperature, and:
Where q * , q w , and q h are the soil humidity of maximum plant efficiency, the wilting point and the hygroscopic point respectively. E M ax and E w are the values of unconstrained evapotranspiration at full plant efficiency, and the value of evaporation at wilting point, i.e. the evaporation from the soil. Refer to Tab.1 in the article text for the values.
c. Leakage The leakage formula is taken from Laio et al (2001) and it represents the rapid loss of water from the surface layer by gravity-induced water motions towards the deeper soil layers, that takes place when the soil moisture is larger than the field capacity q f c : L(q s ) = K s e β(qs−q f c )−1 e β(1−q f c ) − 1 .
Here, K s is the saturated hydraulic condutiviy of the ground, β is a fitting parameter and q f c is the field capacity of the soil. See Tab.1. d. Precipitation rate and runoff The precipitation rate P ′ is a fraction of the total moisture updraft ∆q (see text). The precipitated water P that actually penetrate the soil layer is equal to P ′ minus the runoff: if the amount of precipitation in a given time exceeds the saturation of the soil layer, the leftover water is lost from the PBL-soil system.
e. Convection To obtain formulae (6) and (7) in the article text we consider the variation of air moist enthalpy needed to restore convective equilibrium:
and we impose the conservation of relative humidity q rel at the first order:
where the term δq sat in (A-2) represents the derivative of the Clausius-Clapeyron law with respect to temperature. Solving the system of equations (A-1, A-2) gives (6) and (7). 
Symbol Meaning Value
